SUMMARY. 1. Production of chironomid communities of three first order, Appalachian Mountain streams was estimated and the effects of an insecticide-induced disturbance on chironomid production was examined.
Introduction
Chironomidae larvae are often a dominant component of the macroinvertebrate fauna of freshwater ecosystems and numerous studies, predominantly in lentic systems, have evaluated their secondary production (e.g. Waters, 1977; Huryn & Wallace, 1986; Lindegaard & Mortensen, 1988) . Although chironomid larvae taxonomic difficulties, and the occurrence of multivoltine taxa with overlapping cohorts (Mackey, 1977; Fisher & Gray, 1983; Benke et al., 1984; Smock, Gilinsky & Stoneburner, 1985; Huryn & Wallace, 1987; Iversen, 1988; Lindegaard & Mortensen, 1988) . Likewise, the effects of various disturbances on secondary production have received little attention. Given the quantitative importance of chironomids in the total macroinvertebrate community, their role in organic matter turnover (see Fisher & Gray, 1983) , and their importance as a food source for higher trophic levels, investigations of the effects of disturbances on chironomid secondary production can offer insights into ecosystem-level consequences of such disturbances.
The objectives of the present study were, firstly, to estimate levels of chironomid secondary production in three headwater streams and, secondly, to examine the effects of an insecticide-induced disturbance on a chironomid community by means of comparisons of the community in the treated stream with those present prior to treatment and in the reference stream.
Study sites
This study was conducted at the Coweeta Hydrologic Laboratory (CHL) (U.S. Forest Service) in Macon County, North Carolina. CHL is a 1625 ha drainage basin in the Blue Ridge Province of the southern Appalachian Mountains. The three streams used in this study are first order and drain Catchments (C) 53, 54 and 55 (Swank & Crossley, 1988) . Riparian vegetation consists of mixed hardwoods and a dense canopy of rhododendron (Rhododendron maximum L.) results in heavy shading of the streams for most of the year. The streams are similar with respect to their southern aspect, elevation, area drained, thermal regime, and discharge (Table 1 ). The pH of the stream water ranges from 6.6 to 6.8 and ion concentrations are low (Swank & Waide, 1988) . The substrate composition in each stream was visually characterized at 1 m intervals along the entire stream length. All three streams have substrates composed of a heterogeneous mixture of boulders, cobbles, pebbles, gravel and sand $faich is interpersed with stretches of bedrock outcrop comprising 28%, 35% and 13% of the total substrate area for C53, C54 and C55, respectively. The streams are highly retentive because the streambed is very rough and accumulations of leaves and wood are abundant. For additional stream descriptions see Wallace, Vogel & Cuffney (1986) and Cuffhey, and for information about the Coweeta basin see Swank & Crossley (1988) .
In 1980, in conjunction with a previous study examining the role of invertebrates in processing leaves and the export of FPOM, C53 was treated with the insecticide methoxychlor (Wallace, Webster & Cuffney, 1982; Cuffney, Wallace & Webster, 1984; Wallace etal., 1986) . At that time C54 was used as a reference stream.
During the second year of the present study (December 1985 to December 1986 , the southeastern U.S. experienced a drought, which was the most severe in 54 years of record keeping at CHL (precipitation = 63% of average) ( Table 1) .
Methods
Benthic sampling. Benthic samples were taken monthly from all three streams, C53, C54 and C55, during the first year of the study (October 1984 to September 1985 . In the second year, samples were taken during alternate months (January 1986 to November 1986) from two streams, C54 and C55. Two methods of sampling were used in order to effectively sample the contrasting substrate types. A total of seven benthic samples, four benthic core and three bedrock outcrop, were collected from each stream on each sampling date in randomly selected locations. Sand-gravel-cobble substrates were sampled with a 400 cm 2 corer. The corer was worked into the substrate and then all the material within the corer was removed by hand and with a cup to a depth of 10 cm if possible. Bedrock outcrops were sampled by scraping and brushing the moss and associated material from a 15 x 15 cm area into a plastic bag which was held tightly against the rock surface.
In the laboratory, the organic material in the samples was elutriated from the inorganic substrate, passed through nested 1 mm and 250 jam sieves, and preserved in a 6-8% formalin solution containing Phloxine B dye. All invertebrates were removed from the coarse material retained on the 1 mm sieve by hand picking under 15 x magnification. The material retained on the 250 urn sieve was subsampled (1/8 to 1/64 of whole sample) using a sample splitter (Waters, 1969) .
All of the organic material in each sample was quantified. The fine particulate organic matter (FPOM) portion was composed of very fine benthic organic matter (VFBOM = <250 |xm), fine benthic organic matter (FBOM = <1 mm >250 (im), and the organic matter which remained in the corer after sampling. The VFBOM and FBOM were processed in the same manner. The material was placed in a graduated bucket and the volume of the sample was recorded. Then the sample was agitated and a subsample of 50-200 ml was removed and filtered on a pre-ashed, pre-weighed glass fibre filter. The filters were oven dried (60°C for 7 days), weighed to the nearest 0.01 mg, ashed (500°C for 12 h), and reweighed to determine ash free dry mass (AFDM). The amount of organic matter remaining in the corer after sampling was estimated by calculating the volume of water in the corer and the concentration of organic matter. After stirring, a sample of water was taken from the corer and, in the laboratory, a 10-20 ml subsample was filtered and weighed as described above. The coarse particulate organic matter (CPOM = > 1 mm) in benthic samples was separated into leaf, wood, seed, moss, and miscellaneous categories, then dried, weighed to the nearest 0.01 g, ashed and reweighed as above.
Larval chironomids were separated into Tanypodinae and non-Tanypodinae. Tanypodinae are primarily predaceous, though the proportion of detritus ingested may vary with instar and season (Hildrew, Townsend & Hasham, 1985) , while "the majority of nonTanypodinae chironomids are considered to be collector-gatherers or collector-filterers (Coffman & Ferrington, 1984) . Gut analyses of Tanypodinae in the untreated study streams indicated that 81-91% of their diet consisted of animals (M. Whiles, University of Georgia, unpublished data). Chironomid body lengths were measured to the nearest mm using 12 x magnification and a graduated stage. Lengths were converted to AFDM using length-weight regressions derived from chironomids of nearby Coweeta streams (Huryn, 1986) . Abundance and standing stock biomass of chironomids per m 2 were determined for both habitat types (mixed substrate and bedrock outcrop). Estimates were adjusted for the entire stream by weighting the averages according to the proportion of each habitat available in each stream.
Comparisons of densities and biomass between streams and years were made using one-way ANOVAs and Mests on log transformed values. Tukey multiple comparison tests were used for making comparisons between values from any two streams.
Production. Production of non-Tanypodinae chironomids was estimated using the community-level method described by Huryn & Wallace (1986) . This method assumes that estimates of community-level growth rates (CGRs) can be derived from the changes in weight of mixed species groups that are weighted for relative abundance of different taxa. Growth rates in the present study were obtained by using a general regression equation derived by Huryn (1990) which relates growth of -larval Chironomidae within the Coweeta Basin to water temperature and size:
where g = daily growth rate (% day" 1 ), L = length of larva (mm), and T = average daily temperature (°C). Stream temperatures were recorded continuously in all three streams throughout the study period with chart thermographs. The above equation was derived from size and temperature specific growth data from three Coweeta streams not included in the present study. However, since chironomid community structure is similar amongst Coweeta streams (Huryn, 1990) , application of the equation in the present study is assumed to be valid. The CGRs for each size class (at 1 mm intervals, as described above) and sampling interval were combined with standing stock biomass data to estimate production by the instantaneous growth method:
where B t and 5 ; are the final and initial standing stock biomasses observed over a time interval (t) measured in days (Romanovsky & Polishchuk, 1982) . Production values were then summed for all size classes to obtain production during each sampling interval and these values were summed to obtain annual production. Production of Tanypodinae was estimated using the size-frequency method (Hamilton, 1969) and corrected for the cohort production inter^l (CPI; Benke, 1979) . Life history information from the study streams (Wallace, Huryn & Lugthart, 1990, and unpublished data) and other Coweeta streams (Huryn, 1986) indicates that the Tanypodinae are univoltine, with a CPI of c. 320 days.
Pesticide treatment. The insecticide methoxychlor (1,1, l-trichloro-2,2-bis[p-methoxyphenyljethane; CAS No. 72-43-5) was applied seasonally to C54 during the second year of the present study. Methoxychlor was applied with two hand-sprayers to the entire stream channel from the flume to the spring seeps for 4 h (December 1985) and 2 h (March, June and September 1986) at the rate of 10 mg/1 based on discharge at the flume. For more information about the treatments see Wallace et al. (1989) .
Results
Non-Tanypodinae larval sizes in the study streams are skewed toward the smaller size classes with approximately 88% of the larvae less than or equal to 2 mm (Fig. 1) . Sizefrequency distributions of non-Tanypodinae chironomids were very similar both among streams and between the two study years (Fig. 1) .
The dominant non-Tanypodinae chironomid taxa in the drift following the initial insecticide treatment of C54 were (in decreasing order of contribution) Corynoneura, Micropsectra, Parametriocnemus, Tvetnia, Stilocladius and Brillia (see Wallace et al., 1990) . The dominant Tanypodinae chironomid was Meropelopia, with Larsia and Brundiniella present in much lower numbers.
Standing stock densities and biomass
Non-Tanypodinae chironomids: year 1 (pretreatment). In year 1, mean annual habitat weighted standing stock densities of nonTanypodinae chironomids in C53, C54 and C55 were 34,839, 26,480 and 16,909 per square metre, respectively (Fig. 2) . The annual habitat weighted density in C53 was significantly higher than that in C55 (P<0.01, ANOVA), but the density in C54 did not differ significantly from either C53 or C55. The mean annual habitat weighted standing stock biomass also differed significantly between the three streams (P< 0.001, ANOVA). Biomass in C55 (60 mg m~2) and C54 (103 mg m~2) did not differ significantly, and C53 had significantly higher biomass C53, 1985 C54, 1985 C54, 1986 C55, 1985 C55, 1986 34567 Size class (mm)
FIG. 1. Size-frequency distributions of non-Tanypodinae chironomids in C53, C54 and C55 during 1985 (year 1) and 1986 (year 2).
(181 mg m 2 ) than the other two streams ( Table 2) .
The relative standing stock densities and biomass of the two substrate types (benthic core and rock outcrop) differed among the streams from the trends reported for habitat weighted values. Benthic core chironomid densities were not significantly different in C54 and C53, however, both of these streams had significantly higher densities than C55 (P<0.001, ANOVA). Significant differences were observed for benthic core biomass among streams, with C53 > C54 > C55 (P<0.001, ANOVA). Rock outcrop densities in C53 were significantly higher than those in C54 (P<0.05, ANOVA), whereas no significant differences were found between Non-Tanypodinae Benthic core = Year I 4 -
FIG. 2. Annual standing stock densities (m 2 ) of non-Tanypodinae and Tanypodinae chironomid larvae in C53, C54 and C55 during year 1 (October 1984 to September 1985 and year 2 (January 1986 to November 1986). An arrow indicates the year of insecticide treatment of C54. Error bar = 1 SE.
C55 and the other two streams. No significant differences in rock outcrop biomass were observed between the three streams.
Benthic core densities showed a general seasonal pattern with highest densities recorded in the winter and spring months and lowest densities in the late summer and autumn. The ranges of monthly densities per square metre were 16,000-77,900 in C53, 7800-138,500 in C54, and 3300-27,300 in C55. Seasonal trends in rock outcrop densities could not be discerned.
Non-Tanypodinae: year 2 (treatment). No data were collected from C53 in the second year of the study. During treatment (insecticide) of. C54, standing stock densities and biomass in C54 and C55 showed opposing trends in relation to estimates from the previous year. Mean annual habitat weighted standing stock density and biomass in C54 in year 2 were significantly lower than in year 1 (P<0.01, Mest). In contrast, habitat weighted density and biomass in C55, the reference stream, were significantly higher in year 2 than in year 1 (P<0.05).
Benthic core densities and biomass showed the same trends as the habitat weighted values, with significant decreases (C54) and increases (C55) between years 1 and 2. No significant difference in density of rock outcrop chironomids was observed between years 1 and 2 in either C54 or C55 and there was no significant difference in biomass of rock outcrop chironomids between year 1 and year 2 in C55.
Benthic core, rock outcrop, and habitat weighted densities and biomass were all significantly lower in C54 than in C55 during year 2 (P<0.001, Mest).
Tanypodinae chironomids
Tanypodinae standing stock densities and biomass were much lower than those of nonTanypodinae chironomids in all three streams. The ratio of Tanypodinae to non-Tanypodinae chironomids ranged from 0.08 to 0.11 for standing stock densities and from 0.08 to 0.17 for standing stock biomass.
The pattern of relative mean standing stock densities and biomass of Tanypodinae among the three streams and between the two years was similar to that of the non-Tanypodinae chironomids (Fig. 2, Table 2 ). In year 1, habitat weighted densities and biomass were significantly higher in C53 than in C55, whereas there was no significant difference between C54 and either C53 or C55. Benthic core densities were not significantly different among the three streams. However, benthic core biomass was significantly lower in C55 than in both C54 and C53. There was no significant difference between the biomass of C54 and C53. Rock outcrop density and biomass were significantly higher in C53 than in either C54 or C55 in year 1, whereas there were no significant differences between C54 and C55. Like the non-Tanypodinae, Tanypodinae habitat weighted and benthic core densities and biomass decreased in C54 and increased in C55 in year 2 compared with year 1 values (P<0.05, Mest) ( Table 2 ). Rock outcrop values showed the same trends; however, the differences were not significant. In year 2, habitat weighted and benthic core densities and biomass were significantly lower in C54 than in C55 (P<0.05, ttest). Rock outcrop densities were significantly lower in C54; however, no significant difference in biomass was observed.
Production
Annual habitat weighted production of nonTanypodinae chironomids in year 1 was 3636, 1928 and 1366 mg m~2 in C53, C54 and C55, respectively (Table 3) . Production/biomass ratios were similar, ranging from 18.8 (C54) to 22.8 (C55). Production in C54 in year 2 (treatment year) was only 703 mg m~2, representing previous year (Table 3 ). In contrast, production of non-Tanypodinae chironomids in C55 was 2084 mg m~2 in year 2, a 34% increase frdm the year 1 estimate. The P/B ratio in year 2 increased slightly in C54 (20.7) and remained nearly the same in C55 (22.4).
Tanypodinae chironomid production was only 3-5% of that for other Chironomidae (Table  3) . Annual habitat weighted production in year 1 was 116, 97 and 48 mg m~2 in C53, C54 and C55, respectively. Annual P/Bs were substantially lower than those of the non-Tanypodinae Chironomidae, ranging from 6.1 (C54) to 7.8 (C54 arid C55). Tanypodinae production in year 2 was 32 and 112 mg mT 2 in C54 and C55, respectively. These values represented a 67% decrease in production in C54 and a 57% increase in production in C55. P/Bs in year 2 were very similar to those of the previous year; 5.6inC54and7.1inC55.
FPOM standing crops
Mean annual standing crops of benthic FPOM differed significantly among the streams (F<0.01,ANOVA). Benthic core FPOM standing crops in C53 (679 g AFDM m~2) and C54 (790 g AFDM m~2=year 1; 872 g AFDM m~2= year 2) did not differ significantly, however, FPOM standing crops in both of these streams were significantly higher than in C55 (490 g AFDM m"
2 =year 1; 536 g AFDM m~2= a dramatic decline (64%) from levels of the year 2). Furthermore, the FPOM in C53 had a TABLES. Annual habitat weighted biomass (mg AFDM m 2 ) and production (mg AFPM m~2 year" 1 ) of chironomid larvae in C53, C54 and C55 at Coweeta Hydrologic Laboratory, N.C., during year 1 (pre-treatment: October 1984 to September 1985) and year 2 (posttreatment: January 1986 to November 1986). Production of non-Tanypodinae chironomids was calculated using the instantaneous growth method (see text) and production of Tanypodinae was calculated by the size-frequency method. Regressions of non-Tanypodinae chironomid densities with standing crop of VFBOM showed a significant relationship on rock outcrop in all streams during year 1 and in C55 during year 2 (r 1 values ranged between 0.20 and 0.55, P<0.02). No significant relationship was observed between chironomid densities and VFBOM standing crop on rock outcrop in C54 during year 2. Furthermore, with the exception of VFBOM in C53, no significant relationships were found between chironomid densities and benthic core standing crops of FBOM, VFBOM, or any other components of benthic organic matter (i.e. leaves, wood, etc.) in any of the streams during either year of the study.
Discussion
Production of chironomid larvae (non-Tanypodinae and Tanypodinae) in the three study streams during year 1 and in the reference stream (C55) during year 2 ranged between 1410 and 3752 mg AFDM m~2. This range encompasses the level of chironomid production (1421 mg m~2) measured for Ball Creek, a first and second order, higher elevation stream at Coweeta (Huryn & Wallace, 1987) . With the exception of C55 in year 1, production in the study streams was 30-61% higher than in Ball Creek. Average water temperatures are higher in the study streams than in Ball Creek due to their lower elevation, southern aspects (versus north-northeastern aspect of Ball Creek), and groundwater domination. Warmer thermal regimes may potentially result in higher growth rates and voltinism (Huryn, 1990 ) and higher population abundances (Rempel & Carter, 1987) . Consequently, such differences in levels of production are not unexpected. The P/B ratios of the present study, excluding that of C54 during treatment, were slightly higher than that determined for Ball respectively) .
Th<production estimates of the present study fall within the range of chironomid production estimated from other streams (Hopkins, 1976; Mackey, 1977; Neves, 1979; Kruger & Waters, 1983; Soluk, 1985; Mortensen & Simonsen, 1983; Benke et al., 1984; Fisher & Gray, 1983; Smock et al., 1985; Iversen, 1988; Lindegaard & Mortensen, 1988; Williams & Hogg, 1988) . Our estimates he toward the lower end of the reported range, and are similar to those from other streams in which allochthonous energy inputs predominate (Mortensen & Simonsen, 1983; Hopkins, 1976) . Annual P/B ratios of non-Tanypodinae chironomids in our study streams (17-24) were 3-5 times higher than those of a number of other studies reporting similar or somewhat lower levels of production (Kruger & Waters, 1983; Iversen, 1988; Mortensen & Simonsen, 1983; Soluk, 1985) . These higher P/Bs may be due to the predominance of very small chironomid species with relatively high growth rates, continuous recruitment, and low standing stock biomass in our streams (Huryn, 1990) .
Stream characteristics, such as thermal regimes, which were quantified in the present study, do not provide a clear explanation for the substantially higher chironomid biomass and production in C53 than in the other two streams. Higher quantity and quality of food (i.e. VFBOM) in C53 compared with C55, in terms of higher standing crops and lower ash content, may have contributed to higher levels of chironomid production. Several studies have reported positive relationships between densities of various stream invertebrates and apparent food availability (Hawkins, 1986; Hawkins, Murphy & Anderson, 1982; Cummins et al., 1980; Drake, 1982) . However, in the present study, only the densities of chironomids collected on the rock outcrops and those from the benthic cores in C53 showed a positive relationship with standing crops of VFBOM. The lack of a relationship between VFBOM and rock outcrop chironomid densities in C54 during the treatment year may suggest that, under normal conditions, the standing crop of VFBOM on rock outcrops limits chironomid population densities. The insecticide treatment may have reduced the population below the carrying capacity, thus chironomid densities were no longer related to VFBOM standing crops. Other factors, such as available habitat or alternative food resources (e.g. diatoms), may also be of importance. For example, VFBOM on rock outcrops was positively related to moss standing crop. Moss may provide cover and substrate for chironomids and attachment sites for epiphytic diatoms, as well as enhanced food supplies through VFBOM retention.
While the application of methoxychlor to C54 during year 2 of the study resulted in large decreases in density, biomass and production of both non-Tanypodinae and Tanypodinae chironomids, in C55 densities and biomass were significantly higher in year 2 than in the previous year. Although speculative, the increase in abundance of chironomids in C55 during year 2 could be related in part to constriction of the stream channel due to drought. The drought began in December 1985 and average discharge in C55 during year 2 was only half that of the previous year. Comparisons of C55 mean wetted channel widths before (1.88 m, January 1985) and during (1.23 m, August 1988) the drought indicated a 35% reduction in wetted width. This reduction in available habitat coincides with 35% and 54% increases in habitat weighted densities of non-Tanypodinae and Tanypodinae chironomids, respectively. Thus, it is possible that the loss of wetted channel width resulted in a concentration of chironomids within the wetted channel. If, in fact, the drought served to concentrate the chironomid larvae within the stream channels and, thereby, increase their densities, it is apparent that, in C54, the insecticide treatments overwhelmed any such potential increase.
Disturbances, such as the introduction of pesticides, may have both direct and indirect effects on aquatic ecosystems. Direct effects are those which influence the survival, growth, or reproduction of organisms (see Hurlbert, 1975; , and they can bring about changes in ecosystem structure and function. In the present study, treatment of C54 with methoxychlor resulted in a dramatic decrease in chironomid standing stocks and production. The similarity in the size-frequency distributions of non-Tanypodinae chironomids in C54 in year 1 and year 2 (Fig. 1) indicate that, despite the seasonal treatments, chironomids recruited, grew and emerged throughout the treatment period or rapidly recolonized and grew between the treatments. No decrease in diversity was observed based on collections of chironomids in the drift during seasonal treatments over a 3-year period . In fact, generic richness on most subsequent treatment dates was higher (range = eleven to twenty-two taxa; total number of taxa over entire treatment period = twenty-seven) than that of the initial treatment (twelve taxa). There were some changes in the percent contribution of various taxa to the total chironomid drift. For example, the relative abundance of Micropsectra (Chironominae) decreased substantially during the seasonal treatment period, while that of Larsia (Tanypodinae) increased.
Indirect effects of pesticides on stream ecosystems, resulting from direct alterations of densities, biomass, and production of organisms, may include changes in energy processing and nutrient cycling, as well as alterations to food webs. Chironomid larvae are known to play a key role in organic matter turnover in some streams (Fisher & Gray, 1983) , and during the present study the application of insecticide resulted in a 70% decrease in FPOM turnover .
Since collector-gatherer chironomids ingest detritus and associated microorganisms, incorporate the derived carbon and nutrients within their tissues, and are, in turn, frequently food for other organisms, they represent an important link between the FPOM pool and higher trophic levels. Numerous studies have reported that chironomids are important prey items for a wide range of invertebrate and vertebrate predators (see Peckarsky, 1984) . Consequently, disturbances that reduce the abundance of chironomids can be expected to alter the diets of many predators. For example, insecticide treatment of C53 in 1980 caused Lanthus (Odonata) and larval salamanders (Lugthart, unpublished data) to shift from diets in which chironomid larvae and other insects were the dominant prey to diets consisting primarily of non-insect prey, such as copepods and oligochaetes.
In summary, application of methoxychlor resulted in dramatic reductions in chironomid densities, biomass and production. These direct effects can be expected to produce indirect effects with pervasive impacts on ecosystem structure and function.
